Abstract. The main goal of this work was to assess the accuracy of several well-known methods which provide global (BSI and SIENA) or local (Jacobian integration) estimates of longitudinal atrophy in brain structures using Magnetic Resonance images. For that purpose, we have generated realistic simulated images which mimic the patterns of change obtained from a cohort of 19 real controls and 27 probable Alzheimer's disease patients. SIENA and BSI results correlate very well with gold standard data (BSI mean absolute error < 0.29%; SIENA < 0.44%). Jacobian integration was guided by both fluid and FFD-based registration techniques and resulting deformation fields and associated Jacobians were compared, region by region, with gold standard ones. The FFD registration technique provided more satisfactory results than the fluid one. Mean absolute error differences between volume changes given by the FFD-based technique and the gold standard were: sulcal CSF < 2.49%; lateral ventricles < 2.25%; brain < 0.36%; hippocampi < 1.42%.
Introduction
Atrophy measurements in some key brain structures, obtained from structural Magnetic Resonance (MR) images, can be used as biomarkers for neurodegenerative diseases in clinical trials [1] , giving complementary information to cognitive tests. Computational anatomy methods [2] have been developed to analyse longitudinal and cross-sectional MR data, including quantification of atrophy.
Until recently, the evaluation of these methods has been extremely difficult since there was no reliable gold standard. Furthermore, semi-automatic or manually traced measurements of regions of interest suffer from lack of reproducibility and sensitivity, as well as being labor-intensive. Recently, Karacali et al. [3] and Camara et al. [4] proposed two different approaches 3 aiming to answer this question. The first technique is based on the generation of topology-preserving deformation fields with Jacobian determinants matching the desired volumetric changes on a specific region of interest. The main drawback of this technique is that it does not take into account the interrelation of different structures. Camara et al. presented a technique in which atrophy in brain structures is simulated with a thermoelastic model of tissue deformation. The main drawback of this method is that it requires a set of segmented structures to build the input of the FEM solver, unlike Karacali's method, which does not necessarily need a segmentation step prior to simulation (the region of interest can be a sphere centered on a manually selected point in the image). On the other hand, in [4] , the biomechanical readjustment of structures is modelled, using conventional physics-based techniques based on biomechanical tissue properties.
In this work, we have analysed the accuracy of some well-known longitudinal atrophy measurement methods with a realistic gold standard, providing very valuable information for their use in a clinical context or trials. To the best of our knowledge, this is the first time that such an assessment study, using plausible simulated longitudinal brain atrophy to compare several techniques, has been performed. The gold standard data has been created using an improved version of the methodology presented in [4] . Two popular methods, SIENA [5] and BSI [6] , that provide global estimates of brain atrophy, and Jacobian integration guided by two different nonrigid registration methods (B-Spline FFD [7] and fluid-based [8] one), that gives local volume changes, were evaluated. A cohort of pairs of MR scans corresponding to 27 probable Alzheimer's Disease (AD) patients and 19 age-matched controls was used to guide the generation of the gold standard data.
Atrophy simulation
The methodology for the generation of simulated images involves four main steps: generation of a reference labelled 3D mesh; its adaptation to every subject anatomy; running the FEM solver to simulate regional volumetric change on every subject-specific mesh; and application of the resulting deformation fields to the corresponding baseline MRI.
Reference volumetric mesh
A reference tetrahedral mesh (868404 elements) was built using the procedure detailed in [4] . In our work, we have employed a different set of labels, according to the information we had from the cohort of real images (both hippocampi and whole brain) and the boundary conditions imposed on the FEM model, as explained in Section 2.3. Therefore, we used labels for the whole brain (Grey Matter and White Matter together), the lateral ventricles, left and right hippocampus, the subtentorial area, extra-sulcal and sulcal cerebrospinal fluid (CSF), the last three being relevant for boundary condition purposes. The separation of the extra-ventricular CSF into two different classes was obtained by applying a brain cortex segmentation tool, available in Brainvisa 4 , on the grey-level version of the MNI Brainweb 5 atlas. The outer interface of the resulting segmentation reaches the brain hull, therefore it includes sulcal CSF, which is isolated using the GM and WM labels of the MNI atlas.
Subject-specific meshes
In order to generate a cohort of simulated images with neuroanatomical variation representative of the population, the atlas-based 3D mesh has been adapted to the cohort of real images cited above, thus building a set of corresponding subject-specific meshes, which will be subsequently introduced into the FEM solver. T1-weighted volumetric MR images acquired on a 1.5 Tesla Signa unit (General Electric, Milwaukee) using a 256*256 matrix to provide 124 contiguous 1.5mm coronal slices through the head were available for every subject.
The mesh adaptation was performed by applying a Mesh-Warping (MW) technique [9] , in which the transformation resulting from a fluid registration [8] between the grey-level atlas image and every subject MR scan is applied to the atlas-based mesh. The classical Jaccard overlap measure of semi-automatically obtained brain-masks [10] after fluid registration was (mean±STD) 0.855±0.024 for probable ADs and 0.886±0.018 for controls, demonstrating a good fitting of the subject-specific meshes.
The fluid registration generates diffeomorphic transformations, thus, theoretically assuring non-negative volume mesh elements after the Mesh-Warping procedure. Nevertheless, we found 8 cases in ADs and 5 in controls with folded elements after MW (mean of 1.62 negative elements in ADs and 1.20 in controls, out of 868404 elements), due to some local Jacobian values very close to zero and the interpolation step needed to warp the meshes. All negative volume elements were corrected by moving conflicting nodes to their neighbour barycentre.
Finite-Element deformation model
Model The subject-specific meshes were introduced into the FEM solver, in which volume changes were simulated with a thermoelastic model of soft tissue deformation, based on the TOAST package, which is freely available 6 . After defining the elastic material properties of every region, a set of thermal coefficients, one per structure, that will result in differential regional volume changes to be applied, is computed. These were based on semi-automatically obtained segmentations [10] for both hippocampi and the whole brain between the pairs of MR scans of the cohort described above.
Homogeneous Dirichlet boundary conditions were introduced using a PayneIrons method to suppress the displacement of the mesh nodes corresponding to the surface of the mesh and the subtentorial area. In Camara et al. [4] , there was not any restriction on the labels composed of CSF, since they should fill the space left by brain atrophy. This approach could result in unrealistic shifts at the top and the bottom of the brain, as illustrated in Figure 1 . We addressed this problem in a different way, by separating the extra-ventricular CSF into sulcal and extra-sulcal CSF, and applying Dirichlet boundary conditions to the latter, notably improving the realism of the simulated images (see Figure 1 ). This fact raises the question about the behaviour of sulcal and extra-sulcal CSF and their interrelation when atrophy occurs, which is, to the best of our knowledge, not investigated in the literature.
Gold standard data The FEM solution consists of a deformation field, defined at each node of the mesh, which produces the desired volume changes. It can be directly applied to the input mesh or introduced to an interpolation step to generate a voxel-by-voxel defined deformation.
In [4] , the volumetric gold standard data was obtained by integrating over every region the volume differences between corresponding elements of the original and warped meshes. Therefore, it did not take into account the interpolation step needed to apply the FEM solution to a grey-level image. In our work, the volumetric gold standard data is obtained directly from the voxel-by-voxel deformation fields after this interpolation step since they are the ones used to generate the simulated grey-level images, i.e. they are a more accurate gold standard. The determinants of the Jacobians of these dense deformation fields were computed and integrated over partial volume Regions of Interest (ROI) defined with available information about the percentages of every tissue on each mesh element. Figure 2 shows an example of a gold standard deformation field and its corresponding Jacobian map for a simulated AD subject. 
Atrophy measurement techniques

Global techniques (BSI/SIENA)
Freeborough and Fox [6] proposed the Boundary Shift Integral (BSI) technique which computes volume change via the amount by which the boundaries of a given cerebral structure have moved. A region around these boundaries is defined with a series of morphological operations, and, subsequently, volume loss is approximated by integrating the differences in intensities between both MR scans over the defined region, normalized by image intensity means and bounded by predefined upper and lower intensity values. A rigid registration and a semi-automatic segmentation step to delineate the targeted structures are needed as pre-processing steps.
The SIENA (Structural Image Evaluation, using Normalization, of Atrophy) technique, proposed by Smith et al. [5] , automatically extracts the brain from a pair of MR images, aligns the brain masked images with an affine transformation constrained by outer skull segmentations and finally estimates atrophy based on the movement of brain edges. The latter step is based on finding all brain surface edges in both MR scans, integrating the distance between the closest matching edge points, multiplied by voxel volume and normalized by the number of points found.
Local techniques (Jacobian integration)
The main purpose of Jacobian integration strategies is to capture volume changes within the deformation fields resulting from applying a high-dimensional registration technique between two pairs of MR scans. The analysis of the deformation fields is usually achieved at a voxel-wise level by computing the determinant of their Jacobian matrix, which gives a point-estimate of volumetric change. Additionally, if regions of interest are available, an integration of the Jacobians over these regions gives an estimate of their local volume change. Therefore, the accuracy will depend on the performance of the registration methodology chosen to cope with the deformations between the images. In this work, we have evaluated, for cerebral atrophy measurement purposes, two well-known and widely used registration techniques: B-Spline Free-Form Deformations [7] and a particular implementation of a fluid-based method [8] .
The former deforms an image volume by manipulating an underlying mesh of control points. Displacements are then interpolated using the 3D cubic B-spline tensor. For this work, a multi-level FFD was used [11] , by first deforming an isotropic FFD mesh of 5mm resolution, followed by a further refinement step using a 2.5mm resolution mesh. The meshes were adapted to exclude deformations outside of the reference brain masks. The similarity measure of choice was Normalized Mutual Information. For each level, gradient descent optimization for a maximum of 20 iterations, for 4 steps and initial step sizes of 2mm and 1mm, respectively, was performed.
In fluid registration the transformation is modelled as a viscous flow which warps the source image to match the target image. The driving force was derived from Intensity Cross-Correlation (ICC). The registration was run at half image-resolution, without any masking of structures, for up to 400 iterations subject to the ICC improving globally at each iteration. Further details on the implementation can be found in [8] . Figure 3 shows a good correlation between the gold standard volume changes and SIENA/BSI results, both for controls and patients. Average absolute differences in brain volume change with respect to the gold standard (-0.39±0.74 for controls and -1.45±0.94 for patients) were small, both for controls (BSI of 0.14±0.10; SIENA of 0.18±0.14) and probable ADs (BSI of 0.29±0.24; SIENA of 0.44±0.48).
Results
Global techniques (BSI/SIENA)
SIENA and BSI results provided similar accuracy but their behaviour was different since SIENA tended to overestimate brain volume change whereas BSI underreported atrophy consistently, as illustrated in Figure 3 (left). Another difference can also be observed between the performance of both methods in controls and probable ADs respectively, the latter being more challenging due to a higher amount of brain volume change.
Local techniques (Jacobian integration)
Volume change values (mean±STD of percentage of the baseline structure volume), for simulated controls and patients, from the gold standard and those provided by the FFD and fluid-based techniques, are shown in Table 1 . The FFD-based method provided extremely good accuracy in whole brain and both hippocampi, with larger errors occurring in the sulcal CSF, as was expected due to the complexity of such a region.
The fluid algorithm provided less accurate estimates of volume change for all structures involved in our experiment. An additional difference with respect to the FFD-based technique is the smoothness of the fluid-derived Jacobian map, as shown in Figure 4 . This figure allows a visual comparison, for one probable AD case, between the Jacobian maps computed from the gold standard, the FFD and fluid deformation fields. The smoothness of the fluid-based Jacobian map is due to its intrinsic distribution of the volume change in homogeneous regions.
Conclusions
To the best of our knowledge, this work presents the first report of the accuracy of some well-known atrophy measurement techniques with realistic simulated data. Both global techniques analysed in this paper have been extensively employed for the neuroimaging community and results presented here provide the accuracy obtained by these methods for global volume change estimation purposes. Regarding local methods, the FFD-based one performed better than the fluid registration technique, demonstrating promising results for being used in studies such as clinical trials. Future work will be focused on the definition of good quantitative measures to evaluate the performance of each method and the assessment of cross-sectional methods such as Voxel-Based Morphometry ones with realistic simulated data.
